There are few large-scale data to guide clinicians and parents on the usual time for premature infants to achieve common physiologic milestones of feeding, control and adequacy of breathing, and temperature regulation, which influence timing of discharge.
D
ESPITE DECADES OF prevention efforts, 1,2 preterm births account for 12.5% of all live births in the United States, representing an 18% increase from 1990 through 2004. 3 Compared with the mid 1980s, advances in perinatal and neonatal care have contributed to increased survival rates, even for the smallest of these infants. [4] [5] [6] [7] [8] This increased survival has necessitated a closer examination of the factors that result in a successful discharge of a premature infant. One such factor is the extrauterine development of specific physiologic milestones. These milestones fall into 4 broad categories: adequate control of breathing; successful breathing without the need for supplemental oxygen; adequate oral feeding; and maintenance of body temperature without the provision of supplemental heat. Previous research has documented achievement of specific physiologic competencies by 34 to 38 weeks' postmenstrual age (PMA) (or the sum of birth gestational age and chronologic age), 9, 10 but this literature relied on small sample sizes and typically did not account for differences in specific risk factors such as bronchopulmonary dysplasia (BPD). 9, 11, 12 Thus, there are little large-scale data to guide clinicians and parents on the usual time to achieve these physiologic milestones.
The goal of this study was to define the usual PMA when prematurely born infants achieve specific physiologic milestones in 4 broad categories that are needed for successful discharge from the hospital. This study also determined how various factors, such as younger gestational age, gender, and the diagnosis of BPD, influenced the speed of this maturation process. To answer these questions, we present data from a large cohort of infants born between 24 and 32 weeks' gestation at 5 Northern California Kaiser Permanente hospitals from 1998 through 2001.
METHODS

Study Population
The Infant Functional Status Study (IFS) examined premature births in the Kaiser Permanente Medical Care Program (KPMCP), a managed care organization with integrated information services whose perinatal outcomes have been previously described. [13] [14] [15] [16] [17] Eligible infants for the IFS were born at 5 of the 6 KPMCP hospitals from 1998 through 2001 with a birth gestational age of Յ34 weeks. This study focused on all infants born at a gestational age of Յ32 weeks. We used all available maternal obstetric data including last menstrual period and all antenatal ultrasounds to determine the best estimate of gestational age. Exclusion criteria included major congenital anomalies, such as complex congenital heart disease and anomalies of the central nervous system, gastrointestinal system, or respiratory system, and placement of a ventriculo-peritoneal shunt, all of which required multiple hospitalizations outside of the KPMCP system; need for home ventilation after discharge; or loss to follow-up within 1 year of discharge from the NICU. This last exclusion criterion occurred when families either moved from the Northern California region or changed insurance plans. Infants excluded from the IFS had an older gestational age, larger birth weight, and were more likely to be black or Hispanic than infants enrolled in the final IFS cohort. Infants in both groups were similar in the percentage requiring mechanical ventilation during their stay in the NICU and in their average length of stay. We identified 898 infants for this specific project, 865 of whom had complete medical charts for examination. The institutional review boards of The Children's Hospital of Philadelphia and the KPMCP approved this study.
Data Collection
Our initial data source was the Kaiser Permanente Neonatal Minimum Data Set, which tracks all NICU admissions in the KPMCP. 18 These data were supplemented by detailed information on physiologic maturity for each infant in the data set. Dedicated chart abstractionists collected this information from flow sheets at each KPMCP NICU on ventilator and incubator settings, body temperature, apnea and bradycardia spells as noted from cardiopulmonary monitors, use of caffeine or methylxanthines, feeding method (nasogastric gavage versus bottle or breast), and intravenous fluid requirements. Abstraction began at age 31 weeks' PMA, or later if born after 31 weeks' gestational age. An apneic episode was defined as a pause in breathing for Ͼ20 seconds noted on cardiopulmonary monitoring by the nursing staff. A bradycardia episode was defined as any heart rate drift of Ͻ80 beats per minute. All variables collected in the study had an adequate internal reliability with a Cohen's of at least 0.70. 19 Individual neonatologists at each KPMCP hospital determined the feeding volume and methods for each infant.
Study Outcomes
We calculated the PMA when each infant achieved 8 milestones of physiologic maturation. These measures were grouped into 4 areas:
1. Control of breathing: the last day an infant had a documented apneic spell; the last day an infant had a documented bradycardic spell; and the last day the infant received a methylxanthine medication.
2. Adequacy of breathing: the last day the infant required supplemental oxygen in the form of either mechanical ventilation or a nasal cannula.
3. Feeding: the last day that the infant received either parenteral nutrition or gavage feedings.
4. Temperature: the last day that the infant required supplemental heat in a thermoregulatory isolette for Ͼ1 hour.
If the infant was discharged from the hospital without achieving a specific milestone, we coded the infant as not achieving the milestone before discharge.
Additional Variables
Using the Neonatal Minimal Data Set, we recorded gestational age, measured from available clinical and ultrasound data; BPD, defined as the need for supplemental oxygen support at 36 weeks' PMA 20 ; necrotizing enterocolitis (NEC), defined as Bell's stage II or greater 21 ; stage III or IV intraventricular hemorrhage 22 ; and stage II or higher retinopathy of prematurity (ROP) on at least 1 ophthalmologic examination. 23 The Score for Neonatal Acute Physiology (SNAP) was calculated at 12 hours of age to measure initial illness severity of the infant. 24 
Data Analysis
We reported information on the achievement time for each milestone by using the box-and-whisker format of Tukey. 25 By convention, the center-line of the box represents the median time to attain each milestone and the outside edges represent the 25th and 75th percentiles. The 2 whiskers extending from the box show the lower and upper adjacent values, defined as the 25th percentile minus (1.5 ϫ interquartile range) and the 75th percentile plus (1.5 ϫ interquartile range), respectively. Values outside of these adjacent values are considered outlier values. Data were stratified into 4 infant birth gestational age cohorts (Ͻ27, 27-28, 29 -30, and 31-32 weeks) and by BPD status. The time to achieve each milestone was skewed to the right by a number of outliers. To appropriately determine how various risk fac-tors influence the achievement time, controlling for other confounding variables, we used quantile regression. 26 This form of multivariable regression measures how a specific risk factor changes the median time to achieve a milestone along with other percentiles, such as the 10th, 25th, 75th, and 90th percentiles. Results were presented in graphic form. We used simultaneous quantile regression models to compare how the effects of a specific risk factor on the 10th to the 90th percentile changed. 27 To build the multivariable models, we initially considered gestational age; common complications of prematurity such as BPD, NEC, severe intraventricular hemorrhage, and severe ROP; gender; and initial SNAP. Statistically nonsignificant factors were then removed 1 at a time until the model differed significantly from the model with all factors included, using the likelihood ratio test. The final models included gestational age, BPD, NEC, severe ROP, and initial SNAP.
RESULTS
We identified 865 surviving infants born at a gestational age of Յ32 weeks from 1998 through 2001 who had complete medical charts through their hospital discharge (Table 1) ; 45.2% of the cohort was white non-Hispanic, 11.3% black, 20.5% white Hispanic, and 23.0% Asian and other races. Two hundred forty-seven infants had a gestational age of Յ28 weeks. The average PMA at discharge was 35.8 Ϯ 2.1 weeks. By discharge, all infants were in a crib, apnea-free, and bradycardia-free for at least 1 day, and all but 1 infant was discharged from the hospital on full oral feeds for at least 1 day. Seven infants were discharged from the hospital on methylxanthine medications. Seventy-seven infants, or 52% of the infants diagnosed with BPD, were discharged from the hospital on supplemental oxygen. No additional information was available to determine when oxygen was discontinued after discharge. The average time to achieve each milestone and the median length of time between achievement of each milestone and discharge are shown in Table 2 .
Milestone Attainment for Different Gestational-Age Categories or BPD Status
Overall, Ͻ1% of the infants achieved the feeding and temperature milestones by 31 weeks' PMA or within 12 hours of birth, whichever was later (Table 3) . However, ϳ25% of the infants were apnea-or bradycardia-free, 41% of all infants were off supplemental oxygen, and 50% of the infants were off methylxanthine medications by this time. Gestational age and BPD status significantly changed these percentages. For infants born at Յ26
weeks' gestation, only methylxanthine use was achieved by Ͼ10% of the group at 31 weeks' PMA. In contrast, the majority of infants born at 31 to 32 weeks never required supplemental oxygen or methylxanthines, and Ͼ40% were apnea-or bradycardia-free throughout their hospitalization course. Similar differences were seen between infants with and without BPD, regardless of their gestational age at birth. Infants of younger gestational age achieved each milestone at a later PMA (Table 3) . For example, the median age for infants born at Յ26 weeks' gestation to achieve the feeding milestone was 2.4 weeks later when compared with infants born at 31 to 32 weeks' gestation. Similar differences were seen in the median time to achieve the apnea (2.3 weeks) and bradycardia (2.1 weeks) milestones. There were smaller differences in the median time to achieve the temperature milestone (1.1 week) and methylxanthine milestone (1 week). Younger infants also had interquartile ranges of Ͼ3 weeks for each milestone, denoting a wide variation in the usual time to achieve these milestones. BPD resulted in a 3 to 4 week increase in the median PMA to achieve each milestone except for the temperature milestone (Table 4) . Infants with BPD showed wider interquartile ranges compared with infants without BPD, especially for the feeding milestone, apnea, and bradycardia. Only half of infants with BPD achieved full oral feedings by 36 weeks' PMA, with ϳ25% not achieving full oral feedings until after 38 weeks' PMA. There were no differences between infants of different genders in the time to achieve any milestone. Tabular reference data for the time to achieve each milestone with graphical representation are shown in the Appendix.
Between NICUs, there was an ϳ1-week variation in the median PMA to achieve each physiologic milestone between the slowest and fastest NICUs in this study. These differences persisted for all milestones except for weaning from methylxanthines and supplemental oxygen after adjusting for each hospital's case mix. There were no interhospital differences in sending children home on supplemental oxygen. 
Multivariable Analyses
After controlling for the NICU attended, gestational age, NEC, initial SNAP, and severe ROP, infants with BPD achieved each milestone ϳ2 weeks later than infants without BPD (Fig 1) . For the oxygen milestone, infants with BPD achieved the milestone ϳ5 weeks later than infants without BPD if they were able to come off of oxygen before hospital discharge. These differences in All differences statistically significant between BPD and non-BPD groups: P Ͻ .05.
achievement time were statistically significant for all percentiles and skills except for the 10th percentile achievement time for methylxanthine use and weaning from the isolette. In contrast, infants born with a gestational age of Յ26 weeks achieved each milestone between 0.5 and 1 week later than infants born between 31 and 32 weeks' gestation. Most of these differences were seen in the time to achieve full oral feedings, have their last apnea spell, or have their last bradycardia spell (Fig 1) . We used simultaneous regression models to assess whether gestational age and BPD had different effects on the 10th and 90th percentile times to achieve a given milestone. For gavage feeding, incubator, and bradycardia, both gestational age and BPD changed the 90th percentile by 1 to 2 weeks more than the 10th percentile. This result implies that the effect of these 2
FIGURE 1
Adjusted achievement time for physiologic milestones, stratified according to gestational age group and BPD status. Each time was controlled for severe ROP, NEC status, initial SNAP, and NICU. Bars represent the confidence intervals around each percentile score. a Difference between gestational ages did not reach statistical significance for specific percentile; P Ͼ .05. b All percentiles different between BPD and non-BPD groups; P Ͻ .05. c All percentiles except the 10th percentile different between BPD and non-BPD groups; P Ͻ .05.
variables was not similar across infants who achieved a milestone earlier than their peers (10th-percentile infants) and those infants who achieved a milestone later than their peers (Fig 1) . A similar effect was seen for gestational age and the 10th and 90th percentile times to achieve the apnea and oxygen milestones. All of these differences reached statistical significance. NEC independently added 2 to 3 weeks to the development of both feeding milestones and 1 week to the time to wean from the incubator. Both NEC and severe ROP increased the 10th and 25th percentiles for the oxygen, apnea, and bradycardia milestone by 0.5 to 1 week, without changing the median or other higher percentile achievement times.
DISCUSSION
Although all premature infants undergo a typical maturation process to be safely discharged from the hospital, there have been few data to guide physicians, nurses, families, and researchers on the epidemiology of this process. Our study of 865 infants born at a gestational age of Յ32 weeks provides reference data on the normative process of attaining physiologic milestones before discharge. These data showed that many of these milestones occur by 36 weeks' PMA. However, many infants were "early achievers," especially when they were born moderately premature. The presence of complications of prematurity such as BPD and NEC slowed down the achievement of these milestones by weeks or months, especially for the attainment of full oral feedings, weaning from supplemental oxygen, and mastery of breathing control without apnea or bradycardia. There were also differences between NICUs that influenced this developmental process. The understanding of the usual maturation process allows for improved communication with families and staff about the "usual" time to achieve milestones for an infant of a given gestational age with specific complications. These data can also be used to plan for future research in processes of care that optimize the development of these milestones.
Our study found that the median time to achieve most physiologic milestones is 34 to 36 weeks' PMA. The feeding milestones and weaning from supplemental oxygen occurred latest in the hospitalization. The achievement age of each milestone varied widely between infants. The 2 factors most associated with this variation were the presence of either BPD or NEC, with both factors increasing the median time to achieve a milestone by 2 to 4 weeks. NEC was associated with the greatest increase in the time to achieve full oral feeds, whereas BPD was associated with the greatest increase in the time to wean from supplemental oxygen and have the last apnea or bradycardia spell. This increase in achievement time suggests that these complications affect the already disordered maturation process that a premature infant undergoes in an extrauterine environment and optimizing the development of premature infants in an extrauterine environment. Also, the effect of BPD and younger gestational age was smaller for those infants who achieved a milestone earlier than their peers. For infants who do not achieve a milestone by the median time shown in this study, parents and physicians should expect even greater differences in achievement time for infants with complications.
This maturation process may not be influenced by gestational age to the degree suggested by previous, smaller studies. 28, 29 Studied by itself, younger gestational age was associated with slower physiologic maturity; on average, the median time to achieve a physiologic milestone was 2 weeks later for infants born at Յ26 weeks' gestation compared with moderately premature infants born at 31 to 32 weeks' gestation. However, once we controlled for the higher rate of complications seen in infants of younger gestational age, these extremely premature infants had a relatively similar maturation pattern as moderately premature infants. These data suggest that prevention of many of the common complications of prematurity is important in reducing the length of NICU hospitalizations.
A surprising finding of this study was that increasing gestational age at birth did not influence the expected timing of achieving feeding competence as much as the diagnosis of BPD. With up to 25% of all infants with BPD in the study not achieving full oral feeding until 38 to 40 weeks' PMA, feeding incompetence became the last barrier to discharge because many infants went home on oxygen. This finding differs from conventional practice; although it is known that infants with BPD struggle with respiratory and feeding status, respiratory stability is usually the primary consideration for discharge. 11, 12 Given the high rate of feeding disturbances and failure to thrive after discharge, these results emphasize the importance of educating nursery staff about the need to pay particular attention to an infant's feeding cues.
There were several limitations to this study. First, all data were collected via chart review. The nursing staff may have missed some events, such as apnea and bradycardia spells, if the duration of the events was brief and the severity was mild. However, our data were validated at each NICU and have been used for previous studies in apnea. 30 Second, this study included information from 5 NICUs. These NICUs may not be generalizable to other centers with a different nursery culture or discharge strategy. Finally, although most infants achieved all 8 milestones before discharge, ϳ8% of the infants required oxygen at discharge. Thus, our data could not determine the exact PMA when this treatment was stopped. When we included these infants in additional analyses that estimated a time to stop oxygen therapy, we found an even later achievement PMA for the higher percentiles. We chose, then, to include only information that we could verify in our data set. Additional information would likely result in later PMA times for the higher percentiles, while leaving the median values close to those reported in this study.
CONCLUSIONS
This study was the largest examination of the maturation process of prematurely born infants. Complications of prematurity had the largest effect, resulting in longer hospitalizations and higher medical costs. The individual and NICU variations in the achievement time for a mile-stone demonstrate the need for health care providers to tailor their medical approach to the cues of each infant.
